Figure 1. Generation and Molecular Characterization of neuropilin-2 Mutant Mice
(A) Structure of part of the Npn-2 gene including exon 1, which encodes the amino terminal 24 amino acids of Npn-2. Below is a summary of the Npn-2 gene targeting vector. Homologous recombination should generate a mutant allele that lacks exon 1 and an additional 1.7 kb of upstream DNA. The position of the outside probe used for genotyping by Southern blot is indicated. (B) Southern blot analysis of six P1 pups derived from Npn-2 heterozygous intercrosses. Genomic DNA was digested with BamHI and subjected to Southern blot analysis. The blot was probed with a radiolabeled 246 bp Npn-2 probe, indicated in 1A. Sizes of the expected wild-type and mutant alleles are 6.0 and 3.0 kb, respectively. (C) Northern blot analysis of RNA isolated from four E15 embryos derived from Npn-2 heterozygous intercrosses. Genotype analysis was performed on the same embryos, and the indicated genotypes of the mice are listed above the lanes. Npn-2 mRNA was not observed in RNA samples extracted from Npn-2 homozygous mutant mice even after long exposures of the blots. Blots were stripped and rehybridized with a probe to GAPDH. (D) Npn-1 and Npn-2 immunoblot analysis of protein extracts prepared from brains of three P1 pups derived from Npn-2 heterozygous intercrosses. Antibodies generated against the Npn-1 or Npn-2 C domain were previously described and do not cross-react (Giger et al., 1998). Genotype analysis was performed on the same pups, and the indicated genotypes of the mice used for immunoblot analysis are listed above the lanes. 
. Exon 1 encodes the first 24 amino members of other classes of semaphorins do bind diacids of Npn-2 including the entire signal sequence, loss rectly to plexins (Tamagnone et al., 1999) . Plexins and of which should impair targeting of truncated Npn-2 neuropilins show patterns of coexpression in the verteprotein to the plasma membrane. In addition, deletion brate nervous system, neuropilins and plexins can form of presumptive promoter sequences upstream of exon complexes in vitro, and functional data obtained in vitro 1 is likely to reduce or eliminate expression of Npn-2. from both neuronal and nonneuronal cells demonstrate Two targeted ES cell lines were identified, and one that that plexin A1 is necessary for Sema3A repulsion and was injected into blastocysts gave rise to a germlinegrowth cone collapse (Ohta et al., 1992 mutant allele, I-225, was used to generate a line that 1999). Together, these data support the idea that neuwas backcrossed into a C57BL/6 genetic background. ropilins are ligand binding subunits and plexins are sigHeterozygous Npn-2 mutant mice were mated, and neonaling subunits of class 3 semaphorin holoreceptor nates homozygous for the mutant allele were obtained complexes.
( Figure 1B ). Genotype analysis revealed approximate To gain insight into the role played by Npn-2 in signalMendelian frequencies for embryos obtained at embrying specific axon guidance events mediated by class 3 onic day 11 (E11), E15, and E18, which indicates that semaphorins in vivo, we generated mice with a targeted Npn-2 Ϫ/Ϫ mice are viable at these times of gestation deletion in the Npn-2 locus. In contrast to Npn-1 mutant (Table 1 ; data not shown). Npn-2 Ϫ/Ϫ mice are born, and mice, which die during the second half of gestation (Kittheir external appearance is indistinguishable from wildsukawa et al., 1997), many Npn-2 mutant mice are viable type and heterozygous littermates. However, neonatal into adulthood. This allowed us to assess the role played and adult mutant mice are obtained at reduced Mendeby Npn-2 throughout neural development. We find that lian frequencies (Table 1) . Moreover, we observed an Npn-2 is required for organization and fasciculation of increased rate of mortality of neonatal and juvenile several cranial nerves and spinal nerves. Furthermore, we show that several major fiber tracts in the brains of adult mutant mice are either severely disorganized or We next assessed expression of Npn-2 in mutant and control littermates. Northern blot analysis using RNA extracted from E15 embryos revealed a single transcript of ‫6ف‬ kb in wild-type and heterozygous mice, but no transcript was detected in Npn-2 Ϫ/Ϫ embryos ( Figure  1C ). Western blotting was done using extracts prepared from brains of P1 animals and two previously characterized antibodies that selectively recognize the c domains of either Npn-1 or Npn-2 (Kolodkin et al., 1997; Giger et al., 1998). While Npn-1 protein was found in brain extracts prepared from wild-type, heterozygous, and homozygous mutant mice, Npn-2 protein was found in brains of wild-type and heterozygous mice but not in brains from Npn-2 Ϫ/Ϫ mice ( Figure 1D ). Thus, Npn-2 Ϫ/Ϫ mice have undetectable levels of Npn-2 mRNA and protein, and, therefore, can be considered Npn-2 null mutants. The penetrance of all phenotypes described below was 100%. (APSema3F). Then, APSema3F binding sites were identified using an in situ alkaline phosphatase reaction (Cheng and Flanagan, 1994 In E11 wild-type embryos, the major branches of cranial and spinal nerves are clearly stained with the 2H3 monoperformed in vitro repulsion assays in collagen matrices with SCGs dissected from either E15 embryos or P1 clonal antibody ( Figure 4A ). In marked contrast, trajectories of several cranial nerves in Npn-2 Ϫ/Ϫ embryos were pups. Neurons were immunostained with antibodies directed against tyrosine hydroxylase (TH), a marker for either disorganized or absent. The oculomotor nerve in wild-type embryos normally sympathetic neurons. Sympathetic neurons from E15 and P1 wild-type or Npn-2 heterozygous mice are projects as a tight fiber bundle from the mesencephalic flexure ventrally toward the cilliary ganglion and extrinstrongly repelled by Sema3F secreted from COS cell aggregates ( Figure 3A ; data not shown). In contrast, sic ocular muscles. In Npn-2 Ϫ/Ϫ embryos, this nerve is severely defasciculated; however, it still projects to its fibers emanating from SCG explants obtained from Npn-2 Ϫ/Ϫ mice are not repelled by Sema3F ( Figure 3B ). normal target field ( Figures 4A-4D) . Strikingly, the trochlear nerve, which normally exits the central nervous sysSCGs from wild-type, heterozygous, and Npn-2 Ϫ/Ϫ mice were tested in coculture paradigms in which the ganglion tem at the dorsal hindbrain-midbrain junction and then projects to the superior oblique muscle of the eye, is is grown near COS cell aggregates secreting Sema3A Figure 5E ). In contrast, HMJ explants cultured together with COS cell aggregates ment for Npn-2 for differentiation, migration, or survival of trochlear motor neurons. Moreover, while the ophthalsecreting Sema3F showed dramatic evidence of repulsion ( Figure 5F ). These axons turn away from the mic, maxillary, and mandibular branches of the trigeminal nerve of Npn-2 Ϫ/Ϫ mice reach their target fields, Sema3F source, demonstrating that trochlear motor axons are repelled by Sema3F in vitro. We also performed regions of these nerves are uncharacteristically defasciculated in the proximal portion of their trajectory (Figures HMJ repulsion assays with COS cells secreting Sema3A and Sema3C; in neither case did we observe trochlear 4C and 4D). The Npn-2 Ϫ/Ϫ ophthalmic branch of the trigeminal nerve has more terminal branches than are seen motor axon repulsion by these class 3 semaphorins (data not shown). in wild-type embryos. In addition, the facial nerve in Npn-2 Ϫ/Ϫ embryos projects toward its target field within Whole-mount in situ hybridization at E11 in the rat and mouse shows prominent Sema3F expression in the the second branchial arch where it exhibits a characteristic bifurcation; however, the distal regions of both caudal midbrain and the rostral hindbrain with a striking gap, however, at the hindbrain-midbrain junction ( adult mice to investigate whether loss of Npn-2 results septal afferents and/or CA3 hippocampal efferents remains to be determined. The ventral hippocampal in hippocampal wiring defects. The most striking defects were observed in the mossy fiber projections of the commissure, however, appears normal in all mutants examined, suggesting that contralateral hippocampal dorsal hippocampus. In wild-type mice, the axons of dentate granule cells (mossy fibers) grow in the striatum connectivity is generated in the absence of Npn-2-class 3 semaphorin guidance interactions. lucidum along the inner surface of the CA3 principal cell layer and do not extend deep into the distal stratum pyramidale of CA3. In Npn-2 mutant mice, mossy fibers Anterior Commissure Is Severely Abnormal In addition to defects in hippocampal connectivity, we follow their initial projection in the stratum lucidum. However, numerous fiber bundles grow too far laterally observed fully penetrant defects elsewhere in the limbic system where Npn-2 is strongly expressed. In the basal in the CA3 field, entering deep into the stratum pyramidale of CA3 and in some instances growing beyond into forebrain of late embryos and in neonates, high levels of Npn-2 expression are observed in ventral and temporal the stratum oriens (Figures 7E and 7F In Npn-2 mutants, the fornix is present but appears limbs of the ac (Figures 8C-8H) . A few thin fiber bundles are occasionally present in homozygous mutant brains less tightly bundled when compared to wild-type mice (Figures 7C and 7D) . Whether the malformation of the and appear to be the remnants of the ac ( Figure 8F ). It is important to note that in Npn-2 mutant neonatal and fornix seen in Npn-2 mutant mice is the result of altered adult brains we did not observe defects in other brain commissures, including the corpus callosum and the hippocampal commissure ( Figures 8C, 8D, 8G , and 8H; data not shown). In Vivo Our work provides evidence that Npn-2 is the major 3 semaphorins influence axon guidance decisions in vivo, we have generated mice with a null mutation at receptor for Sema3F in the nervous system. The APSema3F ligand binds to numerous projections in the the Npn-2 locus. Our results show that Npn-2 is required for the proper development of trajectories from a subset CNS and PNS that normally express Npn-2, and brain sections of Npn-2 homozygous mutant mice exhibit very Npn-2 Is Required for Normal Projections of Cranial and Spinal Nerves little APSema3F binding activity. Moreover, sympathetic neurons isolated from Npn-2 mutant mice are com-A striking finding in the present study is that many Npn-2 mutant mice survive into adulthood despite the exispletely unresponsive to Sema3F in vitro, while they remain responsive to Sema3A. These results strongly suptence of numerous neurological deficits. Also noteworthy is the observation that some of the neural defects port the idea that Npn-1 and Npn-2 are Sema3A and Sema3F receptors, respectively. Whether Npn-2 is also observed in Npn-2 mutant mice are complementary to those observed previously for Npn-1 mutant mice. This required for Sema3C signaling in vivo, however, remains unclear. APSema3C binding to brains of wild-type and point is well illustrated by comparing cranial nerve defects in the two neuropilin mutants. In mice lacking Npn-2 homozygous mutant mice shows that Sema3C, unlike Sema3A and Sema3F, can bind to brain structures Npn-1, many cranial nerves are disorganized and/or defasciculated, including all branches of the trigeminal expressing Npn-1 and/or Npn-2. This is commensurate with the observation that Sema3C binds with equal affinnerve, the facial nerve, the glossopharyngeal nerve, and the vagus nerve ( Npn-2 mutant adult mice (unpublished data), suggesting that defects in eye muscle innervation resulting from Since Npn-2 mutant mice exhibit defects in binding activity of both Sema3F, and to a lesser extent Sema aberrant Sema3F-Npn-2 signaling may underlie certain types of strabismus. 3C, the neural defects observed in Npn-2 mutant mice may be due to a decrease in signaling by Sema3F, Differences between the Npn-1 and Npn-2 mutant mice are also observed in projections of other peripheral Sema3C, or other class 3 semaphorins. We favor a model in which many of the neural defects in Npn-2 nerves. In both Npn-1 and Npn-2 mutant mice, some spinal nerve fibers prematurely exit the nerve trunks. mutant mice result from a deficiency in Sema3F-Npn-2 signaling. This idea is supported by our observations However, in Npn-1 mutants but not Npn-2 mutants distal projections of spinal nerves are highly disorganized, and that sympathetic neurons from Npn-2 mutant mice are completely unresponsive to Sema3F in vitro and that some fibers cross the dorsal midline and project abnormally to the skin and limbs (Kitsukawa et al., 1997). spatial and temporal distribution of Sema3F mRNA in the CNS and periphery prefigures the trajectories of Similarly, the vagus nerve is defective in Npn-1 mutant mice but appears normal in Npn-2 mutants. Some cramany projections we found to be defective in Npn-2 mutants. An important test of this model will come from nial nerves, including the ophthalmic and maxillary branches of the trigeminal and the facial nerve, are defuture studies that will compare the integrity of the nervous system in Npn-2, Sema3F, and Sema3C mutant mice.
Selective Loss of Endogenous Binding

Thalamic Projections from the Medial Habenula
fective in both The selectivity of the projection defects we observed in this study for Npn-2-expressing CNS and PNS neuronal populations throughout neural development supNpn-2 Is Required for the Development of Several ports the notion that neuropilins confer on neurons exLimbic Tracts quisite specificity with respect to guidance responses Since a significant fraction of Npn-2 mutant mice survive to class 3 semaphorins. Future analyses of the roles into adulthood, we were able to assess the role played played by Npn-2 in target innervation by sympathetic by Npn-2 in the establishment of major CNS pathways.
neurons, the generation of connectivity in the olfactory We observed several discrete defects that are restricted system, and the generation of thalamo-cortical connecto those tracts that, based on Npn-2 expression and/or tivity will provide additional tests of this hypothesis. the presence of APSema3F binding sites, are likely to require Npn-2Sema3F signaling for their establishment.
Experimental Procedures
Of particular interest are defects in hippocampal connectivity that include overshooting by DG mossy fibers 
